Introduction
Electronic band structures of monolayer graphene and bilayer graphene are strikingly different [1] , and the difference appears in various properties.
One example is the bandgap between the conduction and valence band.
Monolayer graphene is a semi-metal and does not have a band gap. However in bilayer graphene, a band gap appears by applying a perpendicular electric field [2] [3] [4] [5] . The difference in the band structure can be directly revealed in the the real space orbit of the electron becomes a circle, and if the Fermi surface is a deformed circle, the real space orbit of the electron is a deformed circle (see Fig. 1 (a) ). This shape of orbit would be able to be detected by measuring magnetoresistance due to ballistic transport of electron in magnetic field in samples with electron reflectors that interfere with electron cyclotron motion.
An example of such samples is triangular graphene antidot lattices with holes drilled in the graphene to form a triangular lattice.
The electron trajectory in the antidot lattice would vary significantly if the cyclotron orbit is a circle or deformed circle because of the reflection at the antidots. The difference between electron trajectories due to reflections can be detected by using the commensurability magneto-resistance of the antidot lattices. If the density of impurity in the conductor is sufficiently low, the electron mean free path ( ) becomes sufficiently long, and electron's motion in the conductor becomes ballistic and its orbit becomes a circle in magnetic field. Collisions with antidots generally complicates trajectory of the electrons.
However, at the magnetic field where cyclotron diameter satisfies the condition,
a peak appears in the magnetoresistance that is due to the commensurability of the lattice period and the cyclotron diameter [6] [7] [8] [9] [10] . Here, is the distance between centers of neighboring antidots. This is condition 1 illustrated in Fig. 
1(b)
, where an electron starting from an antidot collides with the next nearest antidot. More resonant conditions are possible, e.g., conditions 2 and 3 in lower magnetic fields.
That the cyclotron orbit from one antidot to the other affects magnetoresistance properties suggests that the antidot lattice could be used to detect anisotropy of the Fermi surface [11] . To illustrate the basic idea, here we consider the simplest cases in panels (i)-(iii) of 
Simulation based on Model Fermi surface
Before we show our experimental results, we verify the above expectations through numerical simulations. We performed a numerical calculation of magnetoresistance in a triangular antidot lattice. The conductivity of this system in the presence and in the absence of magnetic fields can be calculated from [15] ,
Here, and are the and components of the group velocity of the wave packet and are calculated by using the semi-classical equation of motion. < ⋯ > av is an average over all possible initial states in phase space, is the relaxation time associated with impurity scattering, and A is a constant. The conductivity calculated with equation (2) is strongly influenced by deformation of the Fermi surface. In the actual calculation we evaluated eq.
(2) using a model Fermi surface that has an analytic form,
Here ( Electron (or hole) trajectories were calculated semi-classically assuming that the electrons (or holes) are specularly reflected at the boundary of the antidots.
The antidot lattice can be characterized by / , where is the distance between the center of adjacent antidots and is the diameter of the antidot.
In the calculation, / = 0.2 was used. is proportional to the magnetic field. This is the case for monolayer graphene which has an approximately circular Fermi surface. The magnetoresistance does not significantly vary with . Oscillatory peaks are visible at > . The highest peak, marked with an arrow at / = 2 is the commensurability peak associated with the nearest neighbor antidots (the case 1 in Fig. 1(b) ).
The shape of the background magnetoresistance (low field magnetoresistance without peaks for commensurability) is relevant to the degree of the anisotropy of the Fermi surface. Figures 
Experimental Results
In order to detect Fermi surface anisotropy, we performed an experiment on samples of antidot lattices with primitive vectors having different directions as shown in Fig 3(a) . Fermi surface anisotropy can be detected through the relative orientation of the crystal lattice and reciprocal lattice. In the effective mass approximation, the x -axis is often used as a zigzag direction, and the y-axis is the armchair direction. The directions of the and axes in reciprocal space are the same as those of the x and y axes in real space so that orientation of the Fermi surface can be relatively determined by the zigzag or armchair directions (see Fig. 1(a) ). Mechanically exfoliated graphene flakes often have straight sample edges. These edges are presumably zigzag or arm chair types [16] [17] [18] . We fabricated two set of antidot lattices with the same lattice constant but with different orientations on the same graphene flake Our high-quality graphene samples is encapsulated by high-quality h-BN
flakes. An optical micrograph of a sample is displayed in Fig. 3 (b). The mobility = / was estimated to be about μ = 60,000 cm 2 / at large carrier densities. The mean free path of graphene was about a few m, which was larger than the lattice constant of the antidot.
The magnetoresistance results for the bilayer graphene antidot samples with = 0 ∘ and = 30 ∘ showed qualitative different behavior. First, we checked that the sample is bilayer graphene. In high magnetic field, Shubnikov-de
Haas oscillation was observed as shown in top and middle panel in Fig The commensurability peak associated with the nearest neighbor antidots is at about = 0.6 T, which is marked with the arrows in Fig. 4 (a) . In the bilayer case, the commensurability condition is approximately given by Eq.
(1). Accordingly the magnetic field p for the peak is given by = 2ℏ√ / ( ) ; i.e.,
shows a square-root dependence on carrier density because ∝ [13] . The square root dependence on n of the commensurability peaks is thus a sublinear, which is apparently distinct from the linear dependence of the stripes due to Shubnikov-de Haas oscillations appearing at higher magnetic fields. There is no significant difference between the results of the samples with = 0 ∘ and = 30 ∘ , and this contrasts with the results for bilayer graphene.
An important feature of our experimental data on bilayer graphene is approximately reproduced by the simulation with α = 0.1, as shown in Fig. 2 
Discussion
Graphene nanoribbons are another kind of system in which the crystal axis plays a crucial role, as in our system. The electronic band structure is predicted to be highly dependent on the edge structure (zigzag or armchair)
of the nanoribbon [21] [22] [23] [24] [25] . To date, there have been experiments on commensurability magnetoresistance in monolayer graphene, where the rotation angle of crystal lattice relative to the antidot lattice was not considered [13, 14] . The present result is consistent with the previous findings.
On the other hand, we previously reported on commensurability magnetoresistance in monolayer and bilayer graphene antidot samples where rotation angles of crystal lattice and antidot lattice were not determined clearly [13] . In the study we found that the shape of the magnetoresistance of bilayer graphene antidots was qualitatively different from that of monolayer graphene, but the origin of the difference remained unclear. Here we have shown that it is possibly due to Fermi surface anisotropy.
Graphene nanoribbons are another kind of system in which the crystal axis plays a crucial role, as in our system. In principle, it would be possible to detect the edge structure, zigzag or armchair, by measuring the transport properties of the nanoribbon, and determine the crystallographic orientation of the edge. However, at the present stage, the roughness of the edge poses a significant problem to making transport experiments [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . On the other hand, one can extract information on the orientation of the crystallographic axes by using antidot lattices. Because we measured ballistic electron transport, issues regarding edge roughness are virtually irrelevant.
A magneto-focusing experiment [37] is similar to the antidot lattice experiment. In a local picture, the antidot experiment is approximately the same as a transverse electron magneto-focusing experiment [37] . An important difference is the presence of many antidots in the sample. They serve as reflectors during the magneto-focusing-like process from one antidot to the other antidots. The electron trajectory is determined by the magnetic field, antidot lattice parameters, and the shape of the cyclotron orbit which reflects the shape of the Fermi surface, and it results in a different magnetoresistance. It is not clear whether Fermi surface anisotropy can be detected by using the magneto-focusing effect. We expect that it can be observed by scanning gate microscopy to visualize the spatial distribution of the cyclotron motion [38] .
Regarding the methods of detecting the shape of Fermi surface through transport measurements, Shubnikov-de Haas oscillations can be measured for various magnetic field angles in three dimensional samples [39] . Moreover, in the case of cylindrical Fermi surfaces, angular-dependent magnetoresistance oscillations (AMROs) can be used to map out shape of Fermi surface [40] [41] [42] [43] . However, in two-dimensional electron systems, a tilted magnetic field cannot be used get information on the shape of the Fermi surface. Ballistic transport experiments using antidots are thus promising means of probing the Fermi surfaces of a variety of two-dimensional materials.
Summary
Commensurability magnetoresistance in antidot lattices reflects shape of the cyclotron orbit, which again reflects the shape of the Fermi surface. We found that this results in background magnetoresistance (low field magnetoresistance without peaks for commensurability) that is strongly dependent on the crystallographic orientation of graphene and antidot lattice.
By conducting magneto-transport measurements using antidot lattice, we have demonstrated anisotropic Fermi surface in bilayer graphene and approximately isotropic Fermi surface in monolayer graphene. Observed behavior was explained by calculations within semi-classical theory. This method can be used to detect Fermi surface anisotropy in two-dimensional materials.
Appendix 1 Sample fabrication and magnetotransport measurements
Our graphene antidot lattice samples were made using encapsulated graphene formed by using the technique described in Ref. [44] . Figure 5 shows the steps of sample fabrication. An exfoliated graphene was picked up with a thin h-BN flake formed on PPC (poly (propylene carbonate)) film by using mechanical exfoliation of bulk h-BN crystal. Then the h-BN-graphene stack was transferred onto an h-BN flake on SiO2/Si substrate to form encapsulated graphene. Heavily doped Si substrate, which is conducting even at low temperature, served as a back gate. An antidot lattice was formed by using standard electron beam lithography. Organic electron beam resist was coated on the encapsulated graphene, and it was patterned into triangular lattices of small holes. Then the encapsulated graphene it was plasma-etched with a mixture of low pressure CF4 and O2 gas to form an antidot lattice structure.
Electric contacts were formed by using the technique described in [44] .
Electric leads were formed by using electron beam lithography and the lift off technique.
The magnetoresistance of the samples was measured at T = 4.2 K by applying a perpendicular magnetic field with a superconducting solenoid. Resistance was measured by using the standard lock-in technique.
2 Model Fermi surface 
Here, α is a parameter that describes trigonal warping. 0 is a parameter that specify valleys, i.e., K or K' point in the reciprocal space. 3 Trigonal waring of monolayer graphene.
Low energy band structure of monolayer graphene near K and K' points can be described by the Hamiltonian based on the effective mass approximation [45] .
Here, 0 = √3 0 /2ℏ, and is the lattice constant of graphene. ̂ and ̂ are momentum operators, respectively. is a valey index for K ( = 1) and K' ( = −1) valleys. This Hamiltonian leads to dispersion relations which is isotropic, and hence the Fermi surface is circular. Trigonal warping of monolayer graphene originates from a higher order term in the scheme [46, 47] . We have numerically calculated the dispersion relation considering the additional term (the equation ( Step 1 and 1': graphene and thin h-BN flakes were made by mechanically exfoliating bulk crystals.
Step 2: graphene was picked up with thin h-BN flake on a PPC film.
Step 3: the graphene/h-BN stack was transferred on another h-BN flake to form encapsulated graphene.
Step 4:
electron beam resist was pattered to form masks for the plasma etching process. Samples and antidot lattices were patterned by plasma etching.
Step 5: samples were pattered by using plasma etching. Two antidot lattices with different orientations relative to the crystal axis were pattered using the same encapsulated graphene. 
